Exometabolomics enables analysis of metabolite utilization of low molecular weight organic 2 0 7 organism preferred lower-abundance substrates such as guanine, glycine, proline and arginine and glucose 3 8 and did not utilize the more abundant substrates maltose, mannitol, trehalose and uridine. These results 3 9 demonstrate the viability and utility of using exometabolomics to construct a tractable environmentally 4 0 relevant media. We anticipate that this approach can be expanded to other environments to enhance 4 1 isolation and characterization of diverse microbial communities. 4 2 4 3 Highlights 4 5
collected by shoveling soil to a depth of 12-inches into sterile whirl pack bags, which were immediately 1 4 0 stored on blue ice. The soil at this location is an unconsolidated saprolite with organic rich clay soil that 1 4 1 ranges from 0.5-3 m approximating the depth of the root zone. Other soil properties including total 1 4 2 nitrogen, oxidizable organic matter, cation exchange capacity, pH, and particle size were determined by 1 4 3 the UC Davis Analytical Laboratory (Davis, CA). 1 4 4
Aqueous extraction was performed as previously described (Swenson et al., 2015b) . Briefly, soil 1 4 5 was lyophilized to dryness and sieved to 2 mm prior to 24 h chloroform fumigation (Vance, 1987) . Six 1 4 6 grams of soil were extracted in 24 mL of water at 4°C for 1 h while shaking on an orbital shaker (Orbital-1 4 7
Genie, Scientific Industries, Bohemia, NY). Tubes were then centrifuged at 4°C for 5 min at 4000 rpm. 1 4 8
Supernatants were collected in fresh 50 mL conical tubes and centrifuged again after which supernatants 1 4 9
were filtered through 0.45 µm syringe filters (Pall Acrodisc Supor membrane). These final WEOC 1 5 0 samples were lyophilized to dryness in a Labconco Freezone 2.5 (Labconco, Kansas City, MO) and 1 5 1 resuspended in water at a final equivalent concentration of 2 g soil/mL. WEOC with and without further 1 5 2 1 kDa molecular weight cutoff (MWCO) filtration was analyzed for total organic carbon (TOC) by 1 5 3 acidification and measurement of the non-purgeable organic carbon. WEOC samples were prepared as 1 5 4
above, but at a final equivalent concentration of 1 g/mL (w/v of soil to water) and injected (50 µL) and 1 5 5 run via an NPOC method using a Shimadzu (Kyoto, Japan) TOC-L series CSH/H-type TIC/TOC 1 5 6 analyzer. Samples were individually mixed with a 1.5 % v/v of 1 M HCl for the conversion of inorganic 1 5 7 carbon to CO 2 followed by a 2.5 minute purging time and combustion of the remaining organic carbon at 1 5 8 1 7 8 2.4 LC/Q-TOF Tandem MS Analysis 1 7 9
Procedural blanks were used to generate exclusion lists of compounds and added to a data-1 8 0 dependent auto MS/MS method with a spectral scan range of 30-1200 amu and speed of 2 spectra sec -1 . 1 8 1
The quadrupole was set to a narrow isolation width of 1.3 amu and the collision cell fixed to 10, 20 and 1 8 2 40 eV. The auto MS/MS algorithm was restricted to a max of 4 precursor ions per MS/MS scan with a 1 8 3 required precursor ion count threshold of 7,500 and a target of 50,000. Initial MS/MS spectra were then 1 8 4 added within a retention time window of 0.25 min to the precursor exclusion list ensuring they were not 1 8 5 selected for MS/MS in a subsequent run, a process that captured MS/MS spectra of low intensity 1 8 6 precursor ions. 1 8 7 1 8 8
LC/QTOF-MS Data Analysis 1 8 9
MassHunter Qualitative Analysis v.B.07.00 SP1 was used to query acquired scan data against a 1 9 0 custom LC method specific accurate mass and retention time metabolite database based on acquired 1 9 1 authentic standard data. These initial metabolite identifications from scan MS data were augmented with 1 9 2 tandem MS by searching at specific collision energies against spectral libraries such as METLIN (Smith 1 9 3 et al., 2005) , MassBank (Horai et al., 2010) and HMDB (Wishart et al., 2013) . For metabolites only 1 9 4 identified by LC/MS, the highest confidence identifications (ranked as "1" in Supplementary Table 1 ) 1 9 5 required the unknown to be within 5 ppm m/z, 0.5 min retention time and to share dominant fragment 1 9 6 ions with the standard. Lower confidence identifications matched standards in accurate mass and retention 1 9 7 time but not fragmentation (or MS/MS was not obtained) and are ranked as a level "2" in Supplementary 1 9 8 Table 1 . For some metabolites, authentic standards were not available, but were identified based on 1 9 9 matching fragmentation patterns with spectral libraries and are indicated by a level "3". 2 0 0 2 0 1 2.6 GC/MS WEOC metabolite profiling 2 0 2 Sample extracts were dried and derivatized by oximation-silylation and data acquired by GC/MS 2 0 3 as previously described (Swenson et al., 2015b) . A C8-C30 fatty acid methyl ester ladder was added to 2 0 4 each sample to enable orthogonal compound identification within a retention index window of +/-20 with 2 0 5 the electron ionization (EI) source of an Agilent 5977 GC/MS maintained at 70 eV for spectral library 2 0 6 matching. Metabolite profiling data were deconvoluted using Unknowns Analysis v.B.07.00 from Agilent 2 0 7
Technologies (Santa Clara, CA) followed by matching spectral fragmentation by quality score of 70 to the 2 0 8 Agilent Fiehn GC/MS Metabolomics RTL Library (Kind et al., 2009) . A set of sugar standards comprised 2 0 9 of pentose, hexose, di-hexose and pentose alcohols (cellobiose, D-arabinose, D-arabinose, D-cellobiose, 2 1 0 D-galactose, D-mannose, D-xylose, fructose, glucose, L-arabinose, maltitol, maltose, mannitol, mannose, 2 1 1 raffinose, rutinose, sucrose, trehalose, xylitol and xylobiose) were used to resolve sugar pool composition 2 1 2 for initial qualitative metabolite profiling and then prepared by single replicate at 1, 5, 10, 25 and 50 µM 2 1 3 for determining sugar concentrations detected in the WEOC with d 27 -myristic acid used as an internal 2 1 4 standard at a concentration of 25 µM (Supplementary Figure 1A) . Quantitative data analysis was done 2 1 5 For LC/MS-analyzed metabolites, quantitative assays were performed on an Agilent 6460 triple 2 2 0 quadrupole (QQQ) MS (Agilent Technologies, Santa Clara CA) using the same LC, column and ESI 2 2 1 source conditions as described for Q-TOF MS analysis. Authentic standards were prepared for amino 2 2 2 acids, nucleobases and nucleosides for a subset of metabolites identified in the WEOC to generate 2 2 3 compound specific transitions. Multiple reaction monitoring (MRM) transitions were scheduled by 2 2 4 retention time segment as established using Agilent Optimizer v.B.07.00 and are provided in 2 2 5 Supplementary Table 1 . For the amino acid assay, a standard mix (Sigma-Aldrich amino acid standards 2 2 6 kit, product#A6407, A6282) was diluted to concentrations of 0.1, 0.5, 1 and 10 µg/mL and run as single 2 2 7 replicates (Supplementary Figure 1B) . For the nucleotide/nucleobase assay, authentic standards were 2 2 8 prepared at 1, 5, 10 and 25 µM concentrations in triplicate with 13 C-phenylalanine used as an internal 2 2 9 standard at 25 µM (Supplementary Figure 1C) . Soil extracts were then run at a concentration of 2 g/ml 2 3 0 (soil/water) for determining concentrations of these metabolites. Quantitative data analysis was performed 2 3 1 using Agilent MassHunter Quantitative Analysis version B.07.00. For each metabolite, quantitative data 2 3 2 (mg/mL for each metabolite) are converted to carbon ppm based on the percent weight carbon within each 2 3 3 metabolite and are reported as mg kg -1 extracted soil. Soil defined medium 1 (SDM1) was prepared by adding 23 metabolites quantified from WEOC 2 3 8 (Section 2.3) at the observed absolute concentrations, to a base media composed of 1x Wolfe's mineral 2 3 9 and 1x Wolfe's vitamin solutions, potassium phosphate and ammonium chloride (Table 1) . For soil 2 4 0 defined medium 2 (SDM2), the number of metabolites was expanded to 46 to include additional 2 4 1 observed, but not quantified WEOC compounds. These additional metabolites were added to the medium 2 4 2 at the lowest concentration of a quantified metabolite within the same class (Supplemental Table 1 ). SDM (both at 1x and 10x concentrations) were compared to R2A medium at 1x concentration (Tecknova, 2 4 4
Hollister CA) in their ability to support the growth of a broad range of ORFRC isolates. An existing 2 4 5 collection of 30 phylogenetically diverse isolates from the ORFRC site were revived in liquid R2A from 2 4 6 frozen glycerol stocks. DNA was obtained from overnight cultures to verify 16S rDNA based 2 4 7 identifications. Aliquots were washed (3 times) prior to inoculation into 96-well microtitre plates. For 2 4 8 each fresh medium, 20 uL of starter culture was added to 180 uL and plates were incubated under aerobic 2 4 9 conditions for 110 h at 28°C, and shaken at 365 rpm. To facilitate growth monitoring, starting volumes of 2 5 0 each isolate were normalized (200 uL total). Growth data were collected by measuring OD 600 on a BioTek 2 5 1 Eon Microplate Spectrophotometer at 15 min intervals. 2 5 2 through 1 kDa filters, was reduced to 53.3 mg C kg -1 soil. This reduction in TOC is consistent with the 3 0 0 removal of biopolymers, colloids, trace lignin and cellulosic debris. Based on these TOC data, the 25 3 0 1 metabolites that were quantified from the WEOC, accounting for 20.0 mg C kg -1 soil, represented 3 0 2 approximately 15.5% of the initial WEOC fraction and 37.5% of the <1 kDa filtered fraction. 3 0 3 3 0 4
Comparison of soil defined media and growth of bacterial isolates 3 0 5
Based on soil WEOC data, two soil defined media (SDM) were formulated. The first (SDM1) 3 0 6 was based on 23 abundant (quantified) WEOC metabolites (Table 1) . The second (SDM2) contained 3 0 7 twice as many compounds ( Supplementary Table 2 ) to determine if expanding the number of metabolites 3 0 8 present in SDM supported additional growth of bacterial isolates. These additional metabolites (including 3 0 9 many amino acids, nucleobases and nucleosides) were detected in the soil WEOC, but were not 3 1 0 quantified. Because of this, they were added at the lowest concentration of a quantified metabolite within 3 1 1 the same class. For both SDM1 and SDM2, added metabolites served as microbial carbon sources and 3 1 2 were supplemented with 1x Wolfe's vitamins and 1x Wolfe's mineral solutions (Table 1) . 3 1 3
A broad assessment was then performed to compare the viability of these two media, at two 3 1 4 different concentrations, with 30 native ORFRC bacterial isolates ( Figure 2 ). In order to benchmark the 3 1 5 viability of these media, isolate growth was also compared to the isolation medium, R2A, which 3 1 6 supported the growth of all 30 isolates. At 1x concentrations, SDM1 was able to support the growth of 11 3 1 7 isolates and at 10x SDM1 supported the growth of 13 isolates. While only five isolates grew on 1x 3 1 8 SDM2, excitingly, 25 isolates grew on this medium at 10x concentration (Figure 2 and Supplementary 3 1 9 Table 3 ). 3 2 0 3 2 1 3.5 Isolate exometabolomics analysis using SDM1 3 2 2
Time-series exometabolomics studies can help delineate substrate preference of isolates as an 3 2 3 additional measure of resource partitioning. Since SDM1 appeared to be a simple, yet viable medium for 3 2 4 many isolates, this medium was selected to test its suitability for exometabolomics. Pseudomonas sp. 3 2 5 FW300-N2E2 was grown in SDM1-5x and samples were collected at 3, 6, 9 and 12 h for targeted 3 2 6 exometabolomics analysis by LC/QQQ-MS and GC/MS as described. Distinct patterns of substrate 3 2 7 depletion were observed as shown in Figure 3 . Compounds such as arginine, proline, glutamic acid, 3 2 8 guanine and hypoxathine were already depleted by the first time point of 3 h. During later exponential 3 2 9 growth phase (6 and 9 h), a second pool of compounds were depleted including alanine, isoleucine, 3 3 0 gamma-guanadinobutyric acid, glycine, leucine, lysine, phenyalanine, serine and threonine. Interestingly, 3 3 1 presumably high value substrates were not depleted until stationary phase with glucose detected up to 12 3 3 2 h and mannose and fructose up to the final 24 h sampling. Several metabolites persisted at near initial 3 3 3 concentrations for the duration of the experiment including the abundant dihexoses trehalose and maltose, 3 3 4 the hexose arabinose, the sugar alcohol mannitol and the nucleoside uridine. Supplementary Table 1 ).
4 4
While this work focused on a single soil for the development of a metabolomics workflow for 3 4 5 defined media preparation, it is informative to see how our metabolites detected lie within the context of 3 4 6 other soil metabolomics studies. Overall, the range of metabolite classes detected, including amino acids, 3 4 7 amino acid derivatives, mono-and di-carboxylic acids, nucleobases, nucleosides, osmolytes, sugars, sugar 3 4 8 acids and sugar alcohols are consistent across many soil studies. The detection of trehalose and other 3 4 9 compatible solutes (betaine and proline betaine) as well as additional quaternary ammonium compounds 3 5 0 (acetylcarnitine, carnitine and choline) have been reported for other soils (Baran et al., 2013; Warren, 3 5 1 2014; Bouskill et al., 2016) . Metabolites such as acetylcarnitine, citrulline, cytosine, gamma-aminobutyric 3 5 2 acid and nicotinic acid are consistent with a key finding from Warren (2013) who showed that a diverse 3 5 3 pool of nonpeptide organic N exists in soils. 3 5 4
The pool of organic acids in our WEOC samples was found to be diverse, composed of aliphatic 3 5 5 di-carboxylic acids (malic, maleic, succinic) and aromatic carboxylic acids (benzoic, salicylic and 3 5 6 shikimic). This is consistent with the observation of these low molecular weight carboxylic acids in many 3 5 7 soils as reviewed by Strobel (2001) and the ability of aqueous shaking extraction to desorb higher 3 5 8 concentrations of these metabolites than solution displacement techniques such as lysimeter collection or 3 5 9 soil centrifugation. Our samples, which originated from an upper B horizon subsoil, may be associated 3 6 0 with limited amounts of aliphatic mono-carboxylic acids (not detected in our WEOC extracts) potentially 3 6 1 due to rapid microbial turnover of these compounds. Furthermore, the di-carboxylic and aromatic 3 6 2 carboxylic acids that were detected here may be associated with a limited nutrient pool in situ that became 3 6 3 desorbed during the aqueous shaking extraction (Strobel, 2001 The TOC level observed in our soil WEOC (129.1 mg C kg -1 soil) was found to be consistent 3 6 7 with many previous reports on soil DOC, noting that differences in soil types and extraction methods may 3 6 8 dramatically affect these values. With this caveat, our TOC level is close to the 146 ppm reported for a 3 6 9 soil (leachate) solution from a eutric cambisol grassland (Jones and Willett (2006) . However, this study 3 7 0 displays the affect of extraction techniques on these values by reporting lower TOC values (55-70 mg kg -1 3 7 1 soil) for the same soil following aqueous shaking (rather than leachate collection). Another study that is 3 7 2 consistent with our TOC results focused on evaluating dissolved organic matter dynamics in Greek 3 7 3 vineyard soils (Christou et al., 2005) . They report drastic seasonal variation of DOC levels in soil 3 7 4 solutions ranging from approximately 100-400 ppm over a 12 month period (Christou et al., 2005 ) and 3 7 5 displayed substantial differences between topsoil and subsoil with WEOC levels decreasing from 89 to 58 3 7 6 mg C kg -1 soil (Christou et al., 2006) . 3 7 7
Since soluble polymers and small particles presumably account for a large fraction of the WEOC, 3 7 8 we wanted to determine the fraction of this total carbon pool accounted for by the 25 quantified 3 7 9 metabolites. The TOC level of the soil WEOC was found to be reduced by more than half (129.1 ppm to 3 8 0 53.3 ppm) following 1 kDa filtration. Since microbes are limited in their ability to directly uptake 3 8 1 macromolecules and are dependent on extracellular deconstruction followed by transporting the resulting 3 8 2 metabolites, these molecules smaller than 1 kDa likely represent the most directly accessible fraction of 3 8 3 the WEOC for microbes. This fraction is most relevant to our metabolomics methods given that that one 3 8 4 operational definition of metabolites is molecules less than <1 kDa (Holmes et al., 2008) . mostly of carbohydrates and amino acids) and the number of carbons in each metabolite, we determined 3 9 0 that these quantified metabolites accounted for 20.0 mg C kg -1 in the soil sample. This represents 15.5% 3 9 1 TOC pool and 9.9% of the < 1 kDa WEOC). Of the amino acids, only alanine, valine, leucine and 4 0 0 isoleucine were at levels above 200 µg C kg -1 soil while all nucleosides and nucleobases except for 4 0 1 uridine were at trace levels at or below 50 µg C kg -1 soil. While this type of metabolite distribution is 4 0 2 specific to the ORFRC soil, we can compare these values with previous reports. Where we found total 4 0 3 quantified amino acids to be 4.08 mg kg -1 soil, Fischer et al. (2007) Luvisol soil leachate and reports an amino acid content of 281.1 µg kg -1 soil, considerably lower than 4 0 5 ours, though with a similar ranked composition (e.g. alanine, leucine and isoleucine ranked among the 4 0 6 highest) (Fischer et al., 2007) . We found the ratio of carbohydrates to amino acids to be 10.8 (g/g; more 4 0 7 carbohydrates), which is consistent with Hertenberger et al (2002) who reports ratios ranging from 6.4-4 0 8 17.4, but Fisher et al. (2007) reports 0.4 (more amino acids). While these differences may simply be due 4 0 9 to actual differences between soils, bias introduced during extraction is likely another important factor. 4 1 0 out of the 30 isolates tested. Doubling the number of metabolites in the media (SDM2) dramatically 4 1 7 increased the number of isolates that grew (25 out of 30) demonstrating similar viability to the widely 4 1 8 used rich R2A media. Interestingly however, at reduced concentrations (1x), SDM1 supported growth of 4 1 9 more isolates compared to SDM2. It could be that at 1x concentrations, SDM1 has a more optimal carbon 4 2 0 concentration or C:N than SDM2, but at 10x concentrations, metabolite-specific transporters become 4 2 1 active, promoting the survival in the more rich SDM2 (Button, 1993) . While, the medium R2A was still 4 2 2 more viable than the both SDM, this is not surprising given that the bacterial isolates analyzed here were isolated using R2A. Furthermore, R2A is rich in amino acids and peptides while SDM1 and SDM2 have a 4 2 4 high sugar content, indicating potential unique and developed substrate preferences of these bacteria. 4 2 5
The application of SDM1 to investigate the substrate preferences of Pseudomonas sp. FW300-4 2 6 N2E2 revealed an interesting pattern of substrate utilization. We observed rapid depletion of arginine, 4 2 7 glutamate, proline and guanine and hypoxanthine by the 3 h timepoint associated with the onset of 4 2 8 logarithmic growth followed by consumption of alanine, isoleucine, gamma-guanadinobutyric acid, 4 2 9 glycine, leucine, lysine, phenyalanine, serine and threonine (depleted by 6 h) then finally depletion of 4 3 0 sugars including glucose. Several sugars such as arabinose, maltose, mannitol and trehalose were not used 4 3 1 at all suggesting that this microbe may lack a sufficient set of transporters to use these abundant 4 3 2 resources, supporting the view that it is important to perform exometabolomics experiments on media 4 3 3 relevant, whenever possible, to their native environment. The utilization profile of this Pseudomonas sp. 4 3 4 is consistent with a previous report for Pseudomonas aeruginosa PAO1 in which growth on a complex 4 3 5 tryptone medium resolved an initial preference for select amino acids including leucine, proline, serine 4 3 6 and threonine while the carbohydrate utilization was very similar to our results, namely, while glucose 4 3 7 was metabolized, maltose, mannitol, mannose and trehalose were not (Frimmersdorf, Horatzek et al. 4 3 8 2010). Since, Pseudomonas sp. FW300-N2E2 was isolated using R2A, which is rich in many of the 4 3 9
preferentially consumed compounds (such as amino acids) perhaps it is not surprising that it preferentially 4 4 0 uses resources that, while relatively rare in the soil environment, are abundant in the isolation medium. 4 4 1
We anticipate that media prepared based on soil metabolite analyses may have additional utility for 4 4 2 isolating organisms that utilize the major measurable carbon sources within those environments. 4 4 3
The success of SDM demonstrates the ability to use soil metabolomics to develop defined media 4 4 4 based on metabolites known to be abundant in soils and at concentrations relevant to the native 4 4 5 environment. This also indicates the potential, in agreement with previous approaches, of using single or 4 4 6 complex amendment of minimal media to isolate previously unculturable soil bacteria (Sait et al., 2002;  4 4 7 to the absolute concentrations of metabolites in the environment. Thus, evaluating substrate utilization in 4 5 0 defined media relevant to their habitat can greatly improve exometabolomic studies. There are a number 4 5 1 of challenges associated with creating media that reflect microbial habitats for laboratory experimentation 4 5 2 must be considered. Specifically, bulk analysis of soil no doubt creates averaged metabolite compositions 4 5 3 unlike any particular niche within the soil. In addition, as we have shown here, many metabolites cannot 4 5 4 be identified or go undetected. Complementing mass spectrometry with other types of spectroscopy, such 4 5 5 as NMR, may help address this. Finally, due to the extreme heterogeneity between and within soil 4 5 6 ecosystems, our particular findings on soil metabolite abundances should not be generalized except for 4 5 7 the dozen or so metabolites that we have found to be consistent with other reports. 4 5 8 4 5 9 4.5. Implications for other environments 4 6 0
These methods, using exometabolomics analysis of environmental samples to prepare defined 4 6 1 media for the study of organisms from that environment, are likely applicable to a diversity of 4 6 2 environments. Extension of this approach to diverse soil types offers both the exciting possibility of 4 6 3 helping connect soil metabolite composition to soil microbial community composition and development 4 6 4 of generalizable defined soil media. While these defined media were focused on carbon, an important 4 6 5 extension would be to also account for other critical elements especially organic nitrogen and phosphorus. 4 6 6
The great advantage of these defined media is that they enable quantitative analysis of resource utilization 4 6 7 by soil microorganisms. 4 6 8
One exciting implication of this analysis is that rare metabolites that were not analyzed may 4 6 9 together account for a significant portion of the carbon (WEOC) in this sample, similar to how rare 4 7 0 microbes collectively account for a large portion of microbiomes. Synthesis of this view with previous 4 7 1 results showing that microbes from this soil (and biological soil crusts) utilize largely non-overlapping 4 7 2 metabolites suggests there is coupling between microbial diversity and soil metabolite diversity. These 4 7 3
results showing the unevenness of water soluble metabolites may further support the traditional view of 4 7 4 copiotrophic and oligotrophic organisms. Specifically, there are a low-diversity of organisms competing for the abundant resources (copiotrophs) and a high diversity of rare organisms using low-abundance 4 7 6
substrates (Upton and Nedwell, 1989; Konopka et al., 1998) . It should be emphasized that this is highly 4 7 7 speculative and studies of multiple soil samples and multiple sites would be required to support 4 7 8 generalization to both this particular site and to soils in general. Horai, H., Arita, M., Kanaya, S., Nihei, Y., Ikeda, T., Suwa, K., Ojima, Y., Tanaka, K., Tanaka, S., 5 5 1 Aoshima, K., Oda, Y., Kakazu, Y., Kusano, M., Tohge, T., Matsuda, F., Sawada, Y., Hirai, M.Y., 5 5 2 Nakanishi, H., Ikeda, K., Akimoto, N., Maoka, T., Takahashi, H., Ara, T., Sakurai, N., Suzuki, H., culture medium number of viable isolates 1x 10x Figure 3. Clustering heatmap of normalized peak areas for SDM1 metabolites across timecourse sampling of Pseudomonas sp. FW300-N2E2 spent media. Levels are displayed in terms of relative ratio to initial concentration at time zero (T0) with T0-5 representing 0, 3, 6, 9, 12 and 24 h time points, respectively. Metabolite row groups are colored according to the metabolite class they belong to. tio
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